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HIGHLIGHTS 


►  New  titanate,  Lao.5Sro.5Tio.75Nio.25O3,  was  proposed  as  hydrogen  electrode  for  SOCs. 

►  Ni  exsolution  was  studied  via  reduction  in  situ  at  800  °C  and  at  higher  temperature. 

►  Both  reduction  and  pre-reduction  lead  to  precipitation  of  Ni  nanoparticles. 

►  After  pre-reduction  conductivity  was  improved  probably  due  to  the  formation  of  Ti3+. 

►  Polarization  resistance  was  measured  equal  to  0.56  Q  cm2  at  800  °C  in  H2/H20  (3%). 
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A  new  Lao.5Sro.5Tio.75Nio.25O3  (LSTN25)  titanate  was  proposed  as  a  hydrogen  electrode  for  Solid  Oxide 
Cells  (SOCs)  with  electrochemical  performance  given  by  Ni  nanoparticles  exsoluted  at  the  surface  of 
a  conducting  oxide.  As  only  in-situ  reduction  at  800  °C  has  been  proposed  in  literature  to  perform  Ni 
exsolution,  the  reduction  at  higher  temperature  of  the  LSTN25  compound  was  also  considered  in  this 
work.  The  high-temperature  treatment  led  to  the  precipitation  of  Ni  nanoparticles  evidenced  by  TEM 
observation  and  to  an  improved  electrical  conductivity  that  may  be  due  to  the  formation  of  a  sufficiently 
high  concentration  of  Ti3+.  Electrochemical  study  of  symmetrical  cells  tested  in  H2/H20  (97/3)  showed 
a  promising  performance,  with  a  polarization  resistance  of  0.55  Q  cm2  at  800  °C  and  0.46  Q  cm2  after 
a  thermal  treatment  in  air  that  simulates  the  air  electrode  sintering. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  field  of  highly  efficient  and  fuel-flexible  Solid  Oxide  Cells 
(SOFCs  or  SOECs),  finding  hydrogen  electrode  materials  remains 
a  scientific  challenge.  These  compounds  must  have  electrochemical 
kinetics  comparable  to  conventional  Ni-based  cermets,  but  with 
reduced  aging,  higher  robustness  with  respect  to  redox  cycling,  and 
eventually  higher  tolerance  to  sulfides  and  coking  (in  the  case  of 
SOFCs  fed  with  realistic  hydrocarbon  fuels  and  having  low  or  even 
null  steam  to  carbon  ratios).  The  ideal  electrode  material  would  be 
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a  monophasic  compound,  preferably  a  Mixed  Ionic  and  Electronic 
Conductor  (MIEC)  that  would  present  a  good  electrocatalytic 
activity  for  the  following  half- reactions: 

H2  +  02-^H20  +  2e-  (1) 

C„H2n+2  +  (3  n  +  1)02-  ^nC02  +  (n  +  1)H20  +  (6  n  +  2)e~ 

(2) 

In  this  context,  two  material  families  were  primarily  considered 
as  replacements  for  cermets,  with  remarkable  success:  doped 
chromites  and  titanates  such  as  LaxSri_xCr03  (LSC)  or  LaxSri_xTi03 
(LST),  both  presenting  perovskite  (or  derived)  structures  particu¬ 
larly  stable  in  reducing  conditions  [1-6].  But  despite  their  good 
electrical  properties,  these  materials  present  low  electro-catalytic 
activities.  To  solve  this  problem  without  falling  into  the  conven¬ 
tional  cermet  case,  which  requires  percolation  of  both  metallic  and 


342 


C.  Arrive  et  al.  /  Journal  of  Power  Sources  223  (2013)  341-348 


ceramic  networks,  small  quantities  of  very  active  nanoparticles,  e.g., 
Ni  or  Ru,  can  be  added  to  the  electrode.  This  new  “cermet”  is 
generally  obtained  by  impregnation  of  a  pre-sintered  conducting 
electrode  with  a  metallic  salt  or  a  nanopowder  suspension  [7-10]. 
Although  this  kind  of  process  has  been  widely  used  in  the  field  of 
reforming  catalysis,  applied  to  SOCs  it  can  sometimes  give  rise  to 
a  non-homogeneous  distribution  of  metallic  particles.  Moreover, 
grain  coarsening  could  also  occur  if  other  high  temperature  thermal 
treatments  are  required  in  the  cell  preparation  process  or  cell 
testing  procedure.  Finally,  this  method  requires  a  multi-step 
impregnation/thermal  treatment  and  is  difficult  to  implement  on 
the  industrial  scale,  especially  for  large  cells. 

An  alternative  method  was  proposed,  wherein  electrocatalyst 
elements  initially  dissolved  in  the  perovskite  structure  in  their 
oxidized  state  are  reduced  in  situ ,  resulting  in  the  precipitation  of 
metal  nanoparticles  at  the  surface  of  oxide  grains.  This  new  route  to 
obtain  a  cermet  with  a  non-percolating  metallic  phase  is  called 
exsolution  or  “solid  phase  crystallization”,  and  is  well-known  in 
reforming  catalysis  [11]. 

In  this  field,  it  was  shown  that  catalysts  prepared  by  exsolution 
were  less  sensitive  to  coking  due  to  the  finely-dispersed  nickel 
nanoparticles  [12].  In  addition,  the  strong  basicity  of  alkaline  earth 
or  rare  earth  oxides  was  reported  to  reduce  the  carbon  deposition. 
It  favors  CO2  adsorption  and  thus  shifts  the  Boudouard  reaction 
equilibrium  towards  CO  (2C0^±C02  +  C).  Several  groups  have  re¬ 
ported  that  catalysts  derived  from  perovskite  LaNi03  or 
Ruddlesden-Popper  La2Ni04  can  present  a  significant  resistance  to 
coking.  This  could  be  due  to  synergistic  effects  of  Ni  and  La  sites, 
where  carbon  species  on  Ni  sites  could  be  removed  by  oxygen 
species  brought  by  La202C03  [13-16],  with  a  favorable  effect. 

The  need  for  better  control  of  the  catalytic  activity  and  easier 
processing  (no  extra  steps  in  cell  fabrication)  recently  led  to 
adapting  the  exsolution  concept  to  hydrogen  electrode  materials 
[17-19].  Thus,  in  Ru-  or  Ni-substituted  LSC,  it  was  shown  that  the 
polarization  resistance  decreased  during  the  first  100  h  of  cell 
operation  due  to  the  progressive  nucleation  of  metal  nanoclusters. 
To  the  same  end,  Ni-substituted  LST  was  proposed  as  a  new 
hydrogen  electrode  material  [20].  When  prepared  under  reducing 
atmosphere,  LST  compounds  are  known  to  have  higher  n-type 
electronic  conductivities  than  chromites.  Based  on  the  aforemen¬ 
tioned  results,  Lao.5Sr0.5Ti0.75Ni0.2503_5  was  synthesized  and  the 
influence  of  exsolution  conditions  (i.e.,  the  temperature  of  the 
reducing  treatment)  on  perovskite  structure  and  electrical  and 
electrochemical  performance  was  evaluated. 

2.  Experimental 

The  Lao.5Sr0.5Ti0.75Nio.2503_5  (LSTN25)  compound  was  synthe¬ 
sized  using  a  nitrate-citrate  gel  technique  which  is  a  variant  of  the 
Pechini  method.  La203  (Rhodia,  99.9%),  SrC03  (Alfa  Aesar,  99.99%), 
nickel  acetate  hydrate  (C2H302)2Ni-4H20  (Alfa  Aesar,  >99%)  and 
titanium  isopropoxide  Ti(OCH(CH3)2)4  (Alfa  Aesar,  99.995%)  were 
used  as  metal  precursors.  La203  was  weighed  after  dehydration  and 
decarbonation  at  1000  °C  for  10  h,  and  SrC03  was  weighed  after 
dehydration  at  400  °C  for  10  h.  Titanium  isopropoxide, 
Ti(OCH(CH3)2)4,  was  diluted  in  a  mixture  of  ethylene  glycol  and 
citric  acid  to  reduce  the  risk  of  precipitation  during  synthesis.  The 
as-obtained  solution  of  Ti(IV),  as  well  as  the  solid  nickel  acetate 
tetrahydrate,  were  assayed  by  thermogravimetric  analysis.  The  as- 
obtained  precursors  were  added  in  stoichiometric  proportions  to 
a  solution  of  nitric  acid  HNO3  (65  wt%)  and  citric  acid  (Alfa  Aesar, 
99.5%)  with  an  excess  of  complexing  agent  (citric  acid/cation 
ratio  =  3:1)  to  prevent  cation  precipitation. 

During  the  concentration  process,  the  precursor  solution  was 
neutralized  to  a  pH  of  8  by  an  ammonia  solution  (NH4OH  28  vol%), 


a  step  that  promotes  the  formation  of  a  polymer  network  without 
cation  precipitation.  The  as-formed  gel  was  dried  in  an  oven  at 
150  °C  and  then  pyrolyzed  until  autocombustion  occurred.  The 
resulted  very  fine  powder  was  manually  ground  and  treated  at 
600  °C  for  3  h  (ramping  of  5  °C  min-1)  to  remove  most  of  organic 
matter.  After  homogenization,  the  powder  was  submitted  to  an 
ultimate  thermal  treatment  at  1200  °C  for  3  h  in  order  to  crystallize 
the  expected  phase.  Longer  thermal  treatments  at  higher  temper¬ 
atures  (e.g.,  at  1300  °C  for  12  h  in  air)  allowed  a  better  crystalliza¬ 
tion,  useful  for  structural  determination.  Powder  X-Ray  Diffraction 
(XRD)  patterns  were  obtained  using  a  Briiker  “D8  Advance”  powder 
diffractometer  operating  in  Bragg-Brentano  reflection  geometry 
with  a  Cu  I<ai>2  radiation  (Ni  filter  for  K(3  in  front  of  the  detector). 
The  experimental  data  were  refined  by  the  Rietveld  method  using 
the  FullProf  2k  program  and  its  graphical  interface  WinPLOTR  [21  ]. 

The  specific  surface  area  of  the  different  powders  was  measured 
by  the  Brunauer-Emmett-Teller  (BET)  method  applied  to  N2 
adsorption  and  desorption  at  69  I<  (BECKMANN  COULTER  sorp- 
tometer  -  SA  3100™  Series).  Before  analysis,  the  sample  was  out- 
gassed  for  3  h  at  573  K.  The  particle  size  distribution  was 
determined  by  ultrasonic  dispersion  of  the  powders  in  ethanol 
using  a  Malvern  Mastersizer  S  laser  granulometer.  Dilatometry 
measurements  were  carried  out  by  means  of  a  Setaram  DHT  2050K 
system  on  pellets  that  were  previously  pressed  at  180  MPa. 

The  reduction  behavior  of  the  compound  was  investigated  via 
thermogravimetric  analysis  (Setaram  TGA  92)  performed  in  Ar/H2 
(98/2)  at  up  to  1500  °C  (rate  of  2  K  min-1),  after  a  cleaning  step  from 
room  temperature  to  600  °C  (rate  of  10  I<  min-1)  in  air  to  remove 
adsorbed  species,  such  as  water  and  carbonates.  Based  on  this 
measurement,  the  LSTN25  powder  was  then  reduced  in  an  Ar/H2 
(98/2)  flow  (15  L  h-1)  at  various  temperatures  from  800  to  1300  °C 
and  analyzed  by  XRD. 

Transmission  Electron  Microscopy  (TEM)  study  was  carried  out 
with  a  Hitachi  H9000Nar  electron  microscope,  operating  at  300  kV 
with  a  Scherzer  resolution  of  1.8  A.  A  small  amount  of  powder  was 
dispersed  in  ethanol  using  an  ultrasonic  probe.  A  drop  of  the 
resulting  suspension  was  deposited  on  carbon-coated  TEM  grids. 

LSTN  powder  was  uniaxially  pressed  into  pellets  (1.5  mm  thick 
and  10  mm  in  diameter)  and  sintered  in  air  at  1400  °C  for  5  h.  Thin 
pellets  with  over  90%  of  the  theoretical  density  (dt h  =  5.85  g  cm-3, 
based  on  the  refined  lattice  parameters)  were  obtained  and  cut  into 
bars  ( ~2  mm2  cross-section  and  8-10  mm  in  length).  To  study  the 
influence  of  reduction  on  total  conductivity,  some  bars  were 
reduced  under  an  Ar/H2  (98/2)  flow  (15  L  h-1)  at  various 
temperatures.  Total  conductivity  was  measured  by  the  4-point 
probe  DC  method  on  dense  bars.  Au  paste  was  painted  on  and 
then  sintered  at  750  °C  for  15  min  for  electrical  contacts. 
Measurements  were  performed  in  air,  Ar/H2  (98/2)  and  wet  Ar/H2 
(98/2)  (pH20  ~  0.025  atm)  from  450  to  800  °C.  A  systematic 
correction  of  the  total  conductivity  of  LSTN25  samples  was  applied 
to  take  into  account  the  real  density  of  the  sample  using  an 
empirical  equation  also  used  by  Fu  et  al.  [6]: 


corr  2(C/100  —  0.5)  y  J 

where  (7COrr  is  the  corrected  electrical  conductivity,  <7meas  is  the 
measured  apparent  conductivity  and  C  the  compacity  or  relative 
density  (%). 

Symmetrical  cells  were  tested  to  assess  the  electrochemical 
behavior  of  LSTN25.  Dense  8YSZ  (8  mol%  Yttria-Stabilized  Zirconia) 
electrolytes  (0  =  16  mm,  ~100  pm  thick)  were  obtained  from 
a  Tosoh  TZ-8Y  powder  by  tape  casting  then  subsequent  sintering 
at  1550  °C  -  3  h.  A  screen-printable  ink  was  prepared  by  mixing 
60  wt%  of  LSTN25  powder  and  40  wt%  of  an  ethyl  cellulose— terpineol 
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medium.  A  thin  YDC  (Yttria  Doped  Ceria)  interlayer  ( ~  5  pm)  was 
added  at  the  8YSZ//LSTN25  interface  as  a  bonding  layer  to  increase 
the  cohesion  between  the  dense  electrolyte  and  porous  electrode.  In 
addition,  this  layer  can  act  as  a  barrier  layer  to  prevent  chemical 
reactions  and  the  formation  of  resistive  phases  such  as  La2Zr20y.  The 
electrodes  (0  =  10  mm)  were  then  deposited  onto  both  sides  of  the 
8YSZ  substrates  in  3  layers  ( ~  15  pm),  then  sintered  in  air  at  1200  °C 
for  3  h.  Two  NiO  layers  were  then  deposited  onto  the  electrodes 
( ~  10  pm).  They  were  reduced  during  the  pre-reduction  treatment  at 
1200  °C  for  2  h  under  an  Ar/H2  (98/2)  flow  (15  L  h-1)  providing 
current  collection  layers  of  Ni  with  a  thickness  of  7—10  pm.  The 
electrode  polarization  resistances  were  determined  by  Electro¬ 
chemical  Impedance  Spectroscopy  (EIS)  in  a  two-electrode  config¬ 
uration  using  a  Solartron  1260  gain  phase  analyzer  working  in 
a  potentiostatic  mode  without  polarization  offset.  The  measure¬ 
ments  were  carried  out  at  800  °C  in  wet  H2  (pH20  ~  0.025  atm), 
applying  an  AC  voltage  amplitude  of  30  mV  in  the  frequency  range 
from  106  to  10-2  Hz. 

3.  Results  and  discussion 

3.1.  Powder  characterization 

The  material’s  powder  XRD  patterns  after  thermal  treatments  at 
1200  °C  for  3  h  or  1300  °C  for  12  h  in  air  confirmed  the  single 
perovskite  phase  formation  for  the  Lao.5Sr0.5Tio.75Nio.2503_5 
composition,  where  d  is  the  oxygen  deficiency.  A  first  indexing  of  the 
powder  XRD  pattern  was  performed  using  both  Dicvol04  [22]  and 
Checkcell  [23]  software  programs.  Successive  comparisons  of  the 
more  realistic  solutions  for  perovskite-type  compounds  allow 
identification  of  an  orthorhombic  distortion  with  approximated  cell 
dimensions  5.528  x  5.560  x  7.810  A3  (z.e.,  a  V2 ap  x  V2 ap  x  2ap  unit 
cell,  where  ap  is  the  parameter  of  the  corresponding  cubic  perov¬ 
skite).  The  most  appropriate  space  group  given  by  Checkcell  is  Imma 
(S.G.  No.  74).  Using  such  a  structural  description,  a  Le  Bail  Whole 
Pattern  Fitting  followed  by  a  Rietveld  refinement  was  carried  out, 
giving  a  good  agreement  between  the  recorded  and  calculated 
patterns  and  a  final  Bragg  factor  (RBragg)  of  4.56%  (%2  =  1.09).  The 
observed,  calculated  and  difference  patterns,  as  well  the  calculated 
reflections,  are  plotted  in  Fig.  1,  and  the  corresponding  results  of  the 
refinement  are  summarized  in  Table  1.  LSTN25  can  be  considered  as 
a  solid  solution  between  two  extreme  compounds,  both  perovskite- 
type:  cubic  SrTiCU  (S.G.  Pm-3m,  No.  221)  and  LaTio.5Nio.5O3  (LTN) 


Fig.  1.  Rietveld  refinement  using  XRD  data  of  Lao.sSro.sTiojsNio^sOs-^  after  synthesis 
at  1300  °C  for  12  h  in  air. 


Table  1 

Lao.5Sr0.5Tio.75Nio.2503_,5  prepared  in  air  at  1300  °C  for  12  h:  structural  parameters 
from  Rietveld  refinement  based  on  XRD  data. 


Atom 

Site 

Occupancy 

X 

y 

z 

Biso  (A2) 

La 

4e 

0.125 

0 

0.25 

0.495(1) 

0.30(5) 

Sr 

4e 

0.125 

0 

0.25 

0.495 

0.3 

Ti 

4a 

0.1875 

0 

0 

0 

0.3 

Ni 

4a 

0.0625 

0 

0 

0 

0.3 

0(1) 

4e 

0.25 

0 

0.25 

-0.024(8) 

1.5(3) 

0(2) 

8g 

0.5 

0.25 

0.023(3) 

0.25 

1.5 

Note.  Space  group  Imma  (74);  a  =  5.5285(1)  A  ,b  =  7.8113(2)  A,  c  =  5.5583(1)  A, 
V=  240.03(1)  A3,  Z  =  4,  RBragg  =  4.56,  Rp  =  27.0,  Rwp  =  31.9,  Rexp  =  30.58,  *2  =  1.09. 
From  room  temperature  XRD  data  recorded  in  angular  range  (26)  5—120°  with 
a  step  size  of  0.017°  (26). 

presenting  a  distorted  orthorhombic  structure  (S.G.  Pbnm,  No.  62) 
with  an  unit  cell  of  size  V2ap  x  V2ap  x  2 ap  [24].  The  XRD  pattern  is 
close  to  that  of  the  parent  compound,  LTN.  Nevertheless,  the  LSTN25 
XRD  pattern  presents  less  peaks  than  its  LTN  parent,  with  the 
systematic  absence  of  the  {hid)  reflections  with  h  +  /<  +  /  =  2n  + 1.  Its 
structure  is  thus  more  symmetrical,  corresponding  to  an  I-centered 
lattice.  The  Imma  space  group,  identified  by  systematic  indexing  of 
XRD  patterns,  can  be  described  in  the  Glazer  notation  by  a  two-tilt 
system  (gTgTc0),  whereas  the  LTN  Pbnm  space  group  corresponds 
to  a  three-tilt  system  (cTcTc+)  [25].  Looking  at  the  theoretical 
possible  sequences  of  space  group  changes  to  be  expected  with 
octahedron  tilting  in  perovskite  compounds,  a  transition  from  Pbnm 
to  Imma  space  group  is  allowed  [26].  The  Imma  space  group  thus 
seems  in  good  agreement  with  previous  literature  and  theories  on 
perovskite  structure.  LSTN25  compound  is  thus  intermediate  in 
terms  of  symmetry  between  the  two  extreme  compounds:  cubic 
SrTiCU  and  orthorhombic  LTN. 

The  specific  surface  area  of  the  powder,  once  treated  at  1200  °C 
for  3  h,  was  2.1  m2  g-1,  as  determined  by  the  BET  method,  which  is 
relatively  low  for  the  Pechini  route.  The  particle  size  distribution, 
determined  by  laser  granulometry,  reveals  a  high  size  dispersion  of 
agglomerates  (dso  =  10.9  pm  and  dgo  =  62  pm). 

On  the  dilatometric  curve  of  Fig.  2,  the  early  stage  of  sintering  is 
observed  at  1100  °C,  and  the  maximum  densification  rate  is  reached 
at  1350  °C.  After  cooling,  the  pellet  achieved  95%  theoretical 
density,  which  was  calculated  using  the  refined  lattice  parameters 
(dth  =  5.85  g  cm-3).  The  same  data  also  allowed  the  electrode 
sintering  temperature  to  be  determined,  a  critical  parameter  during 
symmetrical  cell  preparation.  The  objectives  of  such  a  treatment 
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are  to  obtain  a  homogenous  electrode/electrolyte  interface  without 
any  cracks  and  to  generate  a  mechanical  cohesion  without  leading 
to  a  total  electrode  densification.  From  our  own  experience, 
a  treatment  at  1200  °C  for  3  h  seems  therefore  reasonable,  just 
following  the  early  stage  of  sintering.  The  Thermal  Expansion 
Coefficient  (TEC)  was  also  determined  from  the  dilatometric  curve 
using  the  linear  part  between  400  and  1000  °C  during  cooling.  With 
a  calculated  TEC  of  11  x  1CT6  K_1,  LSTN25  presents  a  thermo¬ 
mechanical  behavior  close  to  that  of  the  8YSZ  electrolyte 
(12  x  10-6  K-1),  suggesting  a  reasonable  mechanical  compatibility 
between  the  two  components  adjacent  in  the  half  cell. 

3.2.  Study  of  reduction:  exsolution  conditions 
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Thermogravimetric  analysis  was  carried  out  in  Ar/H2  (98/2) 
from  room  temperature  to  1500  °C  to  study  the  phase  stability  of 
LSTN25  (Fig.  3).  Significant  mass  loss  starts  at  1000  °C  and  corre¬ 
sponds  to  oxygen  atom  departures  related  to  Ni  and/or  Ti  cation 
reduction.  In  literature,  only  in-situ  reduction  (at  800  °C)  was 
proposed  as  a  mechanism  for  Ni  exsolution  [17-19].  However, 
according  to  the  TGA  curve,  there  is  no  mass  loss  at  800  °C.  Thus,  we 
proposed  to  pre-reduce  LSTN25  at  above  1000  °C,  trying  to  obtain 
exsoluted  metallic  nickel  particles  without  decomposition  of  the 
perovskite  structure.  Indeed,  such  treatment  beyond  1000  °C  is 
thought  to  lead  to  better  long-term  stability  of  the  SOFC  anode, 
considering  that  the  electrochemical  cell  has  to  be  used  at  800  °C  or 
less.  Reduction  treatments  on  the  powder  were  performed  in  Ar/H2 
(98/2)  from  room  temperature  to  1300  °C.  To  check  the  possibility 
of  direct  Ni  exsolution  in  operating  conditions,  a  reduction  treat¬ 
ment  was  also  performed  at  800  °C  for  48  h. 

Corresponding  XRD  patterns  show  a  clear  structural  evolution 
(Fig.  4).  LSTN25  compound  seems  to  be  stable  in  diluted  H2  until 
1200  °C.  The  same  treatment  at  higher  temperature  increases  the 
proportion  of  Ni°.  The  creation  of  V'^  induces  the  segregation  of  A 
species  and  causes  the  beginning  of  perovskite  structure  decom¬ 
position  with  formation  of  La203,  La2Ti05  and  Ni°.  Even  if  no  Ni° 
peaks  are  observed  in  XRD  patterns  after  reduction  at  1200  °C  or 
800  °C,  Ni°  particles  being  probably  too  low  in  quantity  or  too  small 
to  be  detected,  TEM  observation  and  energy  dispersive  X-ray 
analysis  confirm  the  precipitation  of  nickel  nanoparticles,  sized 
between  5  and  50  nm,  after  both  treatments  (Fig.  5).  However, 
nanoparticle  density  is  low,  and  after  several  attempts,  an  estima¬ 
tion  of  the  concentration  and  average  size  of  Ni°  nanoparticles 
through  TEM  image  analysis  was  found  difficult  to  perform  with 
sufficient  accuracy. 

Table  2  gives  the  cell  parameters  of  LSTN25  after  the  various 
reduction  treatments.  Reduction  induces  an  increase  of  all  lattice 


Fig.  3.  Thermogravimetric  analysis  in  Ar/H2  (98/2)  of  Lao.5Sro.5Tio.75Nio.2503_5. 


Fig.  4.  XRD  patterns  of  LSTN25  samples  after  reducing  treatment  at  different 
temperatures:  (a)  reference  corresponding  to  the  sample  before  reduction;  (b)  800  °C 
for  48  h;  (c)  1200  °C  for  2  h;  (d)  1250  °C  for  2  h;  (e)  1300  °C  for  2  h. 

parameters,  and  the  stronger  the  reduction  treatment,  the  larger 
the  lattice  parameter.  In  detail,  reduction  at  800  °C  for  48  h  leads  to 
a  relative  cell  expansion  AV/V  of  0.24%,  confirming  that  Ni  exsolu¬ 
tion  can  occur  with  an  in  situ  reduction.  In  such  mild  conditions  (at 
800  °C  with  10-20  <  p02  <  10-12  atm),  the  reduction  of  Ni2+  to  Ni° 
is  thought  to  be  favored  with  respect  to  Ti4+  to  Ti3+  reduction,  if  we 
compare  the  thermodynamic  equilibrium  between  NiO/Ni  and 
Ti02/Ti407  [11,27].  Nevertheless,  the  absence  of  weight  loss  in  the 
TGA  curve  is  quite  intriguing,  simultaneously  with  the  Ni°  particle 
formation,  what  means  the  reduction  that  is  observed  at  800  °C 
must  be  quite  limited. 

At  higher  temperature,  greater  cell  expansion  is  found,  with  AV/V 
close  to  0.45%.  According  to  Fig.  3,  at  T  >  1000  °C,  weight  loss  is 
accelerating  on  the  TGA  curve  but,  however,  without  the  possibility 
to  identify  two  distinct  mechanisms,  i.e.,  nickel  and  titanium  reduc¬ 
tion.  Both  Ni2+  to  Ni°  andTi4+  toTi3+  reduction  may  occur  at  the  same 
time,  unless  Ti4+  is  reduced  at  even  higher  temperature  than  1500  °  C. 
Hence,  if  only  nickel  is  reduced  above  1000  °C  in  diluted  hydrogen, 
the  creation  of  V^i  point  defects  within  the  perovskite  lattice,  asso¬ 
ciated  with  Vq  formation,  similar  to  a  Schottky  defect,  can  be  the  only 
source  of  cell  expansion.  This  is  not  surprising  in  ionic  materials,  due 
to  the  increase  in  the  local  counterion-counterion  repulsions  [28].  In 
the  case  of  Ti4+  being  also  reduced  to  Ti3+,  which  is  not  possible  to 
confirm  at  this  stage  of  the  study,  cell  volume  increase  is  in  complete 
agreement  with  larger  Ti  ions  (r(Ti3+)  =  0.81  A  and  r(Ti4+)  =  0.745  A 
in  octahedral  coordination  [29]). 

Overall,  cell  expansion  due  to  chemical  reduction  is  relatively 
small  and  encourages  mechanical  stability  during  cell  preparation. 
The  exsolution  of  Ni  seems  to  be  possible  without  major  decom¬ 
position  of  the  perovskite  phase  after  both  kinds  of  treatments: 
high-temperature  pre-reduction  or  in-situ  reduction.  It  is  worth 
noting  that  after  different  thermal  cycles,  the  material  is  possibly 
not  in  the  same  thermodynamic  equilibrium  state,  with  different 
concentrations  of  V^,  Vq,  orTi^  defects;  this  means  not  only 
different  proportions  of  Ni  nanoparticles  will  be  found  in  both 
cases,  but  also  different  conductivities,  related  to  Ti3+  concentra¬ 
tion,  if  titanium  cations  are  partially  reduced.  This  aspect  will  be 
addressed  in  the  next  section,  which  gives  the  conductivity 
measurements,  but  it  already  seems  reasonable  to  affirm  that 
metallic  nanoparticles  are  so  dilute  and  separated  in  the  perovskite 
substrate  that  they  do  not  percolate.  Thus,  Ni  nanoparticles  do  not 
contribute  to  electrical  conductivity. 

3.3.  Electrical  characterization 

Electrical  properties  of  LSTN25  were  measured  and  compared  in 
wet  Ar/H2  (98/2)  for  samples  reduced  in  the  conditions  described 
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Fig.  5.  (a)  TEM  micrograph  of  Lao.5Sro.5Tio.75Nio.25O3  reduced  at  800  °C  for  48  h;  (b)  HRTEM  image  of  a  Ni  nanoparticle  on  the  LSTN  substrate  after  2  h  pre-reduction  at  1200  °C  in  Ar / 
H2  (98/2). 


above  ( in-situ  or  high-temperature  reduction).  In  addition, 
measurements  of  as-prepared  samples  were  also  carried  out  in  air 
and  Ar/H2  (98/2).  Temperature  dependence  of  electrical  conduc¬ 
tivity  data  is  plotted  in  Fig.  6. 

In  the  case  of  Mixed  Ionic  and  Electronic  Conductors  (MIEC),  the 
total  conductivity  measured  by  the  4-point  probe  DC  method,  is  the 
sum  of  ionic  conductivity  and  electronic  conductivity.  Depending 
on  the  temperature  and  p(02)  range,  one  contribution  may  be 
dominant  over  the  other.  Table  3  gathers  the  measurement 
conditions  and  the  electrical  properties. 

3.3 A.  Electrical  behavior  of  as-prepared  samples 

For  as-prepared  samples  (■  and  ♦  symbols  in  Fig.  6),  the 
dependence  on  temperature  of  electrical  conductivity  can  be  fitted 
by  an  Arrhenius  law: 

<700  =  (4) 

where  Ea  is  the  activation  energy  related  to  the  conduction  process, 
k  the  Boltzmann  constant  and  A  a  pre-exponential  factor  depending 
on  the  mobility  and  concentration  of  charge  carriers.  The  conduc¬ 
tivity  in  air  ( ■  symbols  in  Fig.  6)  is  about  ten  times  higher  than  that 
of  the  same  sample  measured  in  Ar/H2  (98/2)  ( ♦  symbols  in  Fig.  6). 
The  p(02)  decrease  leads  also  to  an  increase  of  the  activation  energy 
(Table  3).  This  trend  was  already  observed  for  transition-metal- 
doped  LST  compounds  such  as  LSTM  or  LSTF  and  was  attributed 
to  p-type  semi-conductivity.  For  those  materials,  conductivity  in  air 
is  controlled  by  the  mixed  valence  of  the  transition  metals  Mn3+^4+ 
and  Fe3+/4+  [6,30].  Even  if  no  proof  of  Ni3+  reduction  to  Ni2+  was 
observed  by  TGA,  the  conductivity  of  LSTN  may  be  controlled  by 
Ni3+/Ni2+  in  air  (p-type). 


As  a  first  approximation,  LSTN25  corresponds  to  a  solid  solution 
between  SrTi+403  and  LaTiJgNiJ |o3;  complete  neutralization 
between  Lasr  and  Ni^  is  thus  expected  in  LSTN  and  oxygen  defi¬ 
ciencies  5  must  approach  zero.  In  air,  the  charge  neutrality  condi¬ 
tion  allows  the  formation  of  Ni3+  via  disproportionation  of  nickel 
cations  according  to  the  equation: 

2Ni2+^Ni+  +  Ni3+  (5) 

The  proportion  of  trivalent  nickel  must  be  very  low  (a  first 
reduction  step  corresponding  to  Ni3+  reduction  around  600  °C  is 
not  observed  by  TGA,  and  additional  peaks  are  absent  from  XRD 
patterns).  Thus,  it  is  quite  logical  to  observe  low  conductivity  in  air 
because  of  the  low  concentration  of  charge  carriers  in  such  condi¬ 
tions.  In  addition,  the  rather  high  activation  energy  (0.53  eV) 
indicates  that  the  contribution  of  ionic  conductivity  is  perhaps  not 
completely  negligible  in  air. 

As  discussed  above,  formation  of  Ti3+  does  not  seem  to  be 
favored  in  LSTN25  in  SOFC  anodic  operating  conditions.  Moreover, 
disproportionation  of  Ni2+  (Eq.  (5))  is  negligible  in  a  reducing 
atmosphere.  Electronic  conductivity  due  toTi4+/Ti3+  and  Ni3+/Ni2+ 
mixed  valences  must  be  very  poor  in  this  material.  Thus,  conduc¬ 
tivity  of  LSTN 2 5  in  Ar/FI2  (98/2)  is  suggested  to  be  mainly  anionic 
with  an  activation  energy  of  0.80  eV. 

3.3.2.  Influence  of  reducing  treatment 

Concerning  the  sample  that  was  previously  reduced  at  800  °C 
for  48  h  and  measured  in  SOFC  anodic  conditions  ( O  symbols  in 
Fig.  6),  the  conductivity  is  nearly  one  order  of  magnitude  higher 
than  for  as-prepared  samples  measured  in  reducing  conditions  (at 
the  same  level  as  as-prepared  samples  measured  in  air);  the  main 
difference  is  the  higher  slope  with  respect  to  previous  samples.  The 


Table  2 

Unit  cell  parameters  of  Lao.5Sro.5Tio.75Nio.25O3  after  various  thermal  treatments. 


Firing  conditions 

Lattice  parameters 

Secondary  phase 

1300  °C/12  h  in  air 

1300  °C/12  h  in  air  then  800  °C/48  h  in  Ar/H2  (98/2) 

1300  °C/12  h  in  air  then  1200  °C/2  h  in  Ar/H2  (98/2) 

1300  °C/12  h  in  air  then  1250  °C/2  h  in  Ar/H2  (98/2) 

1300  °C/12  h  in  air  then  1300  °C/2  h  in  Ar/H2  (98/2) 

a  =  5.5285(1)  A,  b  =  7.8113(2)  A,  c  =  5.5583(1)  A,  V0  =  240.03(1)  A3 
a  =  5.5328(2)  A  ,b  =  7.8183(3)  A,  c  =  5.5623(2)  A,  V  =  240.61(2)  A3,  AV/V0  =  +0.24% 

a  =  5.5362(2)  A  ,b  =  7.8231(3)  A,  c  =  5.5671(2)  A,  V  =  241.11(1)  A3,  AV/V0  =  +0.45% 

a  =  5.5366(6)  A  ,b  =  7.8232(8)  A,  c  =  5.5676(5)  A,  V  =  241.15(4)  A3,  AV/V0  =  +0.47% 

a  =  5.5374(4)  A  ,b  =  7.8242(6)  A,  c  =  5.5650(4)  A,V=  241.10(3)  A3,  AV/V0  =  +0.45% 

None 

None 

None 

0.48  wt%  Ni°, 

0.34  wt%  La203 

2.14  wt%  Ni°, 

0.47  wt%  La203, 
6.67  wt%  La2Ti05 
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Fig.  6.  Conductivity  vs.  reciprocal  temperature  for  LSTN25:  as-prepared  sample 
measured  (■)  in  air  and  (♦)  in  Ar/H2  (98/2);  sample  measured  in  humidified  Ar/H2 
(98/2)  (pH20  =  0.025  atm)  after  reduction  ( V )  in  Ar/H2  (98/2)  at  1200  °C  for  2  h,  ( A ) 
after  reduction  at  1200  °C  for  2  h  followed  by  an  oxidation  at  800  °C  for  5  h  in  air  and 
(O )  after  reduction  at  800  °C  for  48  h. 

value  of  activation  energy,  nearly  1  eV,  is  quite  typical  of  ionic 
conductivity.  Following  the  former  discussion,  reduction  of  Ti4+  to 
Ti3+  is  probably  not  favored  at  800  °C.  The  long  reduction  step  at 
800  °C  should  be  responsible  for  a  significant  increase  in  the 
concentration  of  oxygen  vacancies,  associated  with  exsolution  of  Ni 
and  B-site  deficiencies.  As  a  consequence  of  a  longer  reduction 
treatment,  the  LSTN25  sample  that  has  been  pre-reduced  at  800  °C 
may  have  a  higher  concentration  of  oxygen  vacancies  than  an  as- 
prepared  sample,  resulting  in  a  higher  ionic  conductivity. 

Concerning  the  sample  that  was  pre-reduced  at  1200  °C  for  2  h 
(V  symbols  in  Fig.  6),  conductivity  is  greatly  improved  (up  to 
a  factor  of  103  at  800  °C),  and  surprisingly,  the  conductivity  slightly 
increases  as  temperature  decreases.  This  behavior,  characteristic  of 
metals,  can  be  attributed  to  the  formation  of  Ti3+  (3d1)  and  has 
already  been  observed  for  La-  or  Y-substituted  SrTi03  [2,10,31-35]. 
Indeed,  LST  and  YST  compounds  are  known  to  show  a  strong 
improvement  in  electrical  properties  after  sintering  in  a  reducing 
atmosphere  due  to  the  reduction  of  Ti4+  to  Ti3+  according  to  the 
following  reaction,  using  Kroger— Vink  notation  [2]: 

2Ti£  +  Og  +  H2  -  2Ti4  +  Vo  +  H20  (6) 

In  donor-substituted  SrTi03,  electrical  conductivity  is  essentially 
controlled  by  the  concentration  of  the  electronic  defect  Ti^, 


Table  3 

Activation  energy  and  total  conductivity  at  800  °C  of  LSTN25  samples  after  different 
pre-treatments  and  measured  in  several  atmospheres. 


Atmosphere 

Pre-treatment 

Activation 
energy  (eV) 

°corr  (S  ) 

at  800  °C 

Air 

None 

0.53  (300-800  °C) 

2.2  x  10~3 

Ar/H2  (98/2) 

None 

0.80  (300-800  °C) 

4.9  x  lO"4 

Ar/H2  (98/2), 

pH20  =  0.025  atm 

2  h  at  1200  °C 
in  Ar/H2  (98/2) 

-0 

2.3 

2  h  at  1200  °C 
in  Ar/H2  (98/2) 
then  5  h  at 

800  °C  in  air 

0.05  (500-800  °C) 

1.4 

48  h  at  800  °C 
in  Ar/H2  (98/2) 

0.94  (450-800  °C) 

3.8  x  10"3 

depending  on  the  degree  of  La3+  or  Y3+  substitution  and  the  ther¬ 
modynamic  equilibrium  state.  Any  change  of  pC>2  or  temperature 
leads  to  a  new  equilibrium  state.  The  higher  the  temperature  used 
for  the  reducing  treatment,  the  higher  the  electronic  defect 
concentration. 

With  a  =  2.3  S  cnrr1  at  800  °C,  LSTN25  pre-reduced  at  high 
temperature  reaches  the  conductivity  necessary  for  an  SOFC  func¬ 
tional  anode  layer  [36].  Flowever,  this  high-temperature  pre¬ 
reduction  treatment  is  interesting  only  if  the  sample  does  not  re¬ 
equilibrate  thermodynamically  in  operating  conditions.  In  donor 
doped-SrTi03  or  BaTi03,  it  was  shown  that  after  a  higher- 
temperature  reduction,  compounds  treated  at  800  °C  in 
a  reducing  atmosphere  cannot  return  to  thermodynamic  equilib¬ 
rium,  due  to  poor  ion  diffusion  kinetics,  and  they  retain  a  high 
conductivity  [31].  In  addition,  the  phase  obtained  after  the  high 
temperature  pre-reduction  must  also  resist  the  redox  cycles 
inherent  to  SOC  operating  conditions.  In  this  context,  conductivity 
of  the  pre-reduced  sample  was  measured  after  one  redox  cycle  (at 
800  °C  for  5  h  in  air)  to  answer  this  question  of  stability  or  meta¬ 
stability  ( A  symbols  in  Fig.  6).  After  such  treatment,  a  conductivity 
decrease  was  observed,  though  by  less  than  a  factor  of  two,  that  was 
judged  not  extremely  detrimental  for  the  application.  In  fact, 
a  small  degradation  of  conductivity  after  redox  cycling  was  also 
observed  for  other  substituted  titanates  [1,2,10,33,34].  Flashimoto 
et  al.  showed  that,  after  strong  reduction,  conductivity  of  Nb-doped 
SrTi03  in  a  reducing  atmosphere  was  not  affected  by  redox  cycles, 
whereas  that  of  LST  dropped  upon  exposure  to  air  and  never 
recovered  after  re-reduction  [34].  They  explain  these  behaviors  by 
differences  in  oxygen  diffusivity  after  strong  reduction.  Fu  et  al 
reported  that  a  stable  value  is  reached  for  YST  after  several  redox 
cycles,  suggesting  that  a  new  equilibrium  state  (with  lower  elec¬ 
trical  conductivity  than  in  the  initial  state)  is  obtained  [10].  In  our 
study,  although  a  small  decrease  of  LSTN  conductivity  is  observed 
after  one  redox  cycle,  the  order  of  magnitude  of  conductivity  is 
maintained,  far  from  that  of  the  non-reduced  sample  ( ♦  symbols 
in  Fig.  6).  This  result  is  very  promising  for  the  use  of  a  pre-reduced 
phase  as  a  hydrogen  electrode. 

Overall,  conductivity  behavior,  long-term  stability  and  redox 
stability  of  the  pre-reduced  phase  must  be  studied  further  to 
be  discussed  in  terms  of  defect  chemistry.  Indeed,  exsolution  of 
Ni  is  a  surface  process  and  may  induce  disorder  and  a  composition 
gradient  in  grains,  especially  if  thermodynamic  equilibrium  is 
not  completely  reached.  In  addition,  the  structure  and  properties 
of  substituted  SrTi03  perovskites  are  known  to  be  very  depen¬ 
dent  on  preparation  conditions  [32].  They  can  accommodate 
extended  lamellar  defects  and  over-stoichiometric  oxygen  (addi¬ 
tional  oxygen  with  respect  to  the  stoichiometric  composition)  to 
ensure  charge  compensation  depending  on  p(02).  Moreover,  it 
was  shown  that  grain  boundaries  influence  the  conduction 
properties  [34,35].  All  these  phenomena  may  play  a  significant 
role  in  the  stability  and  redox  behavior  of  LSTN  compounds 
and  require  deeper  studies  using  additional  techniques  like 
electronic  diffraction  for  extended  defect  identification,  magnetic 
characterization  using  Electron  Paramagnetic  Resonance  (EPR) 
or  Superconducting  Quantum  Interference  Device  (SQUID)  to 
evidence  the  presence  of  Ti3+. 

3.4.  Electrochemical  characterization 

Symmetrical  cells  were  prepared  to  evaluate  the  electro¬ 
chemical  performance  of  LSTN25  as  a  new  hydrogen  electrode 
material.  Fig.  7  presents  the  Nyquist  diagram  obtained  at  800  °C  in 
H2/H2O  (97/3)  for  the  symmetrical  cell  pre-reduced  at  1200  °C  for 
2  h  and  for  the  symmetrical  cell  pre-reduced  at  1200  °C  for  2  h  and 
then  re-oxidized  at  1100  °C  for  3  h  (conventional  sintering 
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Fig.  7.  Electrochemical  performance  of  symmetrical  cells  with  8YSZ//YDC  (5  pm)/ 
LSTN25(15  pm)/Ni(10  pm)  architecture.  (O)  Pre-reduction  at  1200  °C  for  2  h  and  (□) 
pre-reduction  at  1200  °C  for  2  h  then  re-oxidation  at  1100  °C  for  3  h.  Closed  symbols 
and  numbers  beside  them  indicate  the  order  of  magnitude  of  frequency  (10~2  to 
103  Hz).  Solid  lines  are  the  fitted  data  with  the  equivalent  circuit  shown  in  the  inset. 


conditions  for  a  (La,Sr)Mn03  air  electrode).  Impedance  spectra 
were  fitted  using  the  equivalent  circuit  Rs(R-CPE)i(R-CPE)2 
(shown  in  the  inset  of  Fig.  7).  Rs  is  the  ohmic  resistance  mainly 
ascribed  to  the  electrolyte,  Ri  is  an  ohmic  resistance,  and  CPE,  the 
constant  phase  element  of  the  limiting  phenomenon  i.  The  series 
connections  of  (R-CPE)i  and  (R-CPE)2  correspond  to  the  two 
observed  arcs  at  medium  (MF)  and  low  frequencies  (LF),  respec¬ 
tively.  The  fit  obtained  using  this  model  was  in  good  agreement 
with  the  experimental  data.  Resistance  values,  relaxation 
frequency /i  and  specific  capacity  Q  calculated  based  on  the  refined 
lattice  parameters  are  listed  in  Table  4,  where  polarization  resis¬ 
tance  (Rp)  is  defined  as  Ri  +  R2. 

The  limiting  steps  usually  considered  for  the  H2  oxidation 
reaction  are  [37,38]: 

-  dissociative  H2  adsorption  and  diffusion  on  the  Ni  surface  or  H2 
gas  diffusion  inside  the  porous  electrode,  corresponding  to  low 
frequency  (LF)  and  medium  frequency  (MF)  contributions, 

-  charge  transfer  reaction  at  the  electrode  and  electrolyte  inter¬ 
face  corresponding  to  a  high  frequency  (HF)  contribution. 

For  an  LSTN-based  electrode,  the  major  contribution  is  at  low 
frequency  and  may  be  reduced  by  playing  on  the  microstructure  of 
the  electrode  in  order  to  increase  porosity.  No  HF  contribution  is 
observed,  indicating  good  electronic  and/or  ionic  transfer  through 
the  electrolyte//electrode  interface.  This  is  generally  the  case  for  an 
electrode  with  a  thin  doped  ceria  interlayer.  However,  this  YDC 
interlayer  complicates  the  attribution  of  contributions  to  physical 
phenomena  [38]. 

Polarization  resistance  measured  on  the  LSTN25-based  cell 
reaches  about  0.55  Q  cm2  at  800  °C  in  wet  H2  (with  3%  H20). 
This  value  is  higher  than  for  conventional  Ni/YSZ  cermets 


Table  4 

Specific  resistance  values  determined  by  fitting  of  the  electrochemical  impedance 
spectra  shown  in  Fig.  7. 


Sample 

Rs  (^  cm2)  Rp  (Q  cm2)  MF  contribution 

LF  contribution 

LSTN25  pre-reduced 

0.12  0.55  R  -  0.12  Q  cm2 

R  =  0.43  Q  cm2 

2  hat  1200  °C 

/=  17.8  Hz 

f  =  0.4  Hz 

C  =  30  mF  cmr2 

C  =  0.5  F  cmr2 

LSTN25  pre-reduced 

0.26  0.46  R  =  0.06  Q  cm2 

R  =  0.40  Q  cm2 

2  h  at  1200  °C  and 

/=  10.9  Hz 

/  =  0.4  Hz 

reoxidized  3  h  at 
1100 °C 

C  =  120  mF  cmr2 

C  =  0.5  F  cmr2 

(Rp  <  0.3  Q  cm2  at  800  °C)  [39]  or  an  optimized  YST/YSZ  composite 
electrode  impregnated  with  5  vol%  Ni  (Rp  =  0.21  Q  cm2  at  800  °C) 
[10].  However,  measurements  were  performed  after  only  1  h  of 
stabilization  at  800  °C  and  during  this  time,  polarization  resistance 
continuously  decreased,  probably  due  to  further  Ni  exsolution  or  Ti 
reduction.  Longer  stabilization  may  thus  give  better  results,  and,  as 
discussed  above,  optimizing  microstructure  could  still  improve 
those  preliminary  results.  Finally,  whereas  conventional  Ni-based 
cermets  are  known  to  suffer  re-oxidation  [40],  thermal  treatment 
at  a  typical  temperature  for  the  sintering  of  (La,Sr)Mn03  air  elec¬ 
trode  material  (1100  °C  for  3  h)  does  not  affect  performance  of  the 
LSTN25  material.  On  the  contrary,  polarization  resistance  stays  as 
low  as  0.46  Q  cm2  at  800  °C,  even  if  an  increase  of  ohmic  resistance 
is  observed  due  to  the  re-oxidation  of  LSTN25  (see  the  discussion 
above  concerning  the  influence  on  the  conductivity  of  a  thermal 
treatment  in  air)  and/or  possible  delamination  of  the  Ni-collecting 
layer.  This  result  is  encouraging  for  the  future  preparation  and 
study  of  complete  LSTN-based  cells. 

4.  Conclusion 

Perovskite  oxide  Lao.5Sro.5Tio.75Nio.2503_«5  was  successfully 
synthesized  and  its  behavior  under  reduction  characterized.  TEM 
study  evidenced  the  partial  exsolution  of  Ni  above  800  °C  in  diluted 
H2.  After  a  high-temperature  reduction  (1200  °C),  LSTN25  exhibits 
a  metallic  behavior  in  a  reducing  atmosphere,  and  its  conductivity 
increased  by  up  to  a  factor  of  1000  at  800  °C,  reaching  the  speci¬ 
fications  for  a  functional  hydrogen  electrode.  Such  enhancement 
was  attributed  to  the  increase  in  Ti3+  concentration.  Conductivity 
remains  high  after  a  redox  cycle.  Overall,  this  behavior  must  be 
further  studied  to  better  understand  this  phenomenon  in  terms  of 
defect  chemistry.  This  result  raised  the  issue  of  long-term  stability 
of  the  pre-reduced  phase  and,  especially  how  competition  between 
Ti  reduction  and  Ni  exsolution  is  reflected  through  the  mechanism 
of  charge  compensation. 

Electrochemical  performance  is  promising,  with  a  polarization 
resistance  of  0.55  O  cm2  at  800  °C  under  H2/H20  (97/3),  which  was 
even  better  after  a  sintering  step  in  air  (simulating  air  electrode 
sintering).  Finally,  this  work  shows  the  interest  of  further  study  of 
the  (La,Sr)(Ti,Ni)03  series  as  new  hydrogen  electrode  materials  for 
SOC. 
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